The nucleotide content of normal MRC-5 human lung fibroblasts and fibroblasts infected with Mycoplasma pneumoniae PI 1428 was determined. Nucleotides from control and infected fibroblasts were extracted with 5% trichloroacetic acid.
The nucleotide content of normal MRC-5 human lung fibroblasts and fibroblasts infected with Mycoplasma pneumoniae PI 1428 was determined. Nucleotides from control and infected fibroblasts were extracted with 5% trichloroacetic acid.
After neutralization of the extracts, the nucleotides in the extracts were separated by anion-exchange chromatography. Significant differences were found between the nucleotide content of the control and infected cells. Nucleotide triphosphate levels were twofold higher in the control fibroblasts than in the infected fibroblasts 4 h after the initiation of infection. At the same time, nucleotide diphosphate and monophosphate levels were higher in the infected fibroblasts than in the control fibroblasts. Determination of the energy charge ratio for each set of nucleotides (adenosine, guanosine, cytidine, and uridine) demonstrated a shift of nucleotide content in the infected fibroblasts. Immediately after infection, the energy charge for each set of nucleotides was higher for the control fibroblasts than it was for the infected fibroblasts. This pattern continued throughout the infection period with only minor exceptions. The work presented here indicates a loss of energy charge in fibroblasts infected with M. pneumoniae and may help to explain some of the metabolic changes and cell damage which accompany infection.
Mycoplasma pneumoniae induces a cytopathic effect characterized by altered cellular morphology and cell death in MRC-5 human lung fibroblasts (13, 32) . The mechanism by which the mycoplasma damages its host cells has not been defined, although several factors are known to be involved. These include attachment of M. pneumoniae to the host cell (26) and subsequent alterations in host cell metabolism (9) (10) (11) (12) 16) . Many of these studies were conducted with hamster tracheal organ cultures for the host cells. In this model, M. pneumoniae was shown to have broad effects on host cell metabolism. These include alterations in nucleic acid metabolism (16) and cellular respiration (9, 10) .
Measurements of ATP levels in the tracheal explants indicated a decrease in ATP content in the infected tissue (12) . In addition, supplemental adenine added to the organ culture medium protected the tracheal explants from damage by M. pneumoniae (11) . Studies involving MRC-5 fibroblasts in a monolayer cell culture model have shown alterations in de novo purine synthesis, purine salvage, and DNA synthesis in infected fibroblasts (16) . These results in both models strongly suggest a role for nucleic acid (2) . The effects of the alteration of the energy charge have been studied in many systems. In most systems, cells have mechanisms which maintain a relatively stable energy charge (4, 22, 23, 25, 35) . Decreases occur in the energy charge when the cell is subjected to stress, i.e., starvation (1, 6, 31, 35, 38) or oxidative phosphorylation inhibition (23) . Various mechanisms have evolved in different cell types for stabilizing the energy charge. These include alterations in the activity of AMP deaminase (4, 23) , increases in rRNA degradation (22, 30, 38) , and increased rates of dephosphorylation of AMP (14, 25) . Each method can help to raise the energy charge of the cell to a normal level and thus help ensure the survival of the cell.
M. pneumoniae has a requirement for preformed nucleic acid precursors (26 (32) . Viable counts were determined in duplicate on G200 agar plates (13) .
Fibroblast cultures. MRC-5 human embryo lung fibroblasts were maintained in BME (Eagle basal medium) with 10% fetal bovine serum as previously described (32) . Fibroblasts were trypsinized and seeded at 5.0 x 105 cells per 100-mm tissue culture dish. These cultures were grown 48 h before being infected.
Infection of cultures. The medium was aspirated from the monolayer cultures and replaced with 10.0 ml of a suspension of M. pneumoniae containing 5.4 x 107 colony-forming units per ml. This concentration allows the attachment of between one and five mycoplasmas per fibroblast. This mixture was incubated statically for 2 h to allow the mycoplasmas to attach to the fibroblasts. The mycoplasma suspension was then aspirated and replaced with 20.0 ml of fresh BME with l1o fetal bovine serum. The cultures were incubated at 37°C in 5% CO2 until they were subjected to nucleotide determination.
Extraction of nucleotides. At 4, 24, 48, and 72 h after infection, the nucleotides were extracted from the fibroblasts. The fibroblasts were trypsinized and counted with a hemacytometer. These counts of viable cells were later used to determine the number of nucleotides per fibroblast. The cells were then washed three times in phosphate-buffered saline and suspended in 5.0 ml of distilled water. A 5.0-ml amount of cold 10% trichloroacetic acid was added to the cell suspension. The cells were extracted in trichloroacetic acid for 30 min at 4°C and subjected to one cycle of freezethaw lysis. The cell debris was removed by low-speed centrifugation. The resulting trichloroacetic acid extract was neutralized by the method of Khym (18) . In this method 10 ml of cell extract was extracted with an equal volume of 0.5 M tri-n-octylamine (Sigma) in trifluorotrichloroethane (E. I. duPont de Nemours Co., Inc.). The two phases were mixed gently for 2 min. This extraction both neutralized the aqueous phase and quantitatively left the nucleosides, nucleotides, and purine and pyrimidine bases in the aqueous phase. The aqueous phase was then removed and concentrated with a rotary evaporator.
Silica chromatography. The nucleotides in the cell extract were separated from the nucleosides and purine and pyrimidine bases on 1.0-ml silica columns (Waters Associates, Inc.) as described by Lothrop and Uziel (20, 21) . The columns were washed with 5.0 ml of distilled water and then with 5.0 ml of 90% acetonitrile (Mallinckrodt) in water. The cell extracts were adjusted to 90% acetonitrile in water before being loaded on the column in a 3-ml volume. The column was then washed with 10.0 ml of 90% acetonitrile in water. The nucleosides and purine and pyrimidine bases did not absorb to the silica in this buffer and were washed off. The nucleotides were eluted with 20.0 ml of water. These samples were concentrated to approximately 200 ,utl with a rotary evaporator in preparation for separation of the nucleotides by highperformance liquid chromatography.
Nucleotide separation. Nucleotides were separated by a modification of the procedure described by Khym (18, 19) . Separations were performed with a Varian 5000 high-performance liquid chromatography apparatus. The column used for separation was a 25-cm anion-exchange column, Aminex A-29 (Bio-Rad). The column was protected with a 2.5-cm guard column packed with Aminex A-25. The column was water jacketed and maintained at 70°C with a Haake circulating water bath. All running solvents contained lo-4 M sodium azide to inhibit microbial growth.
The column was equilibrated with 25 mM sodium citrate, pH 8.2, at a flow rate of 0.2 ml/min. A 100-,u sample of either cell extract or standard solution was injected into the column with a high-pressure injection loop. An isocratic elution was conducted for 10 min with 25 mM sodium citrate. At that time, a linear gradient was begun which increased the 25 mM sodium citrate to 500 mM over the next 2 h. The eluant absorbance was monitored at 260 nm with a VariChrom spectrophotometer.
The amount of each nucleotide was determined by measuring the peak area with an Apple II Computerized Graphics Tablet. The square millimeters of peak area per nanomole of each nucleotide was determined by measuring the peak area for known concentrations of each nucleotide. From the known areas, the concentration of each nucleotide in the cell extracts was determined.
Statistics. Statistics were determined by Student's t test (34) . RESULTS Changes in the nucleotide content of cells are important indicators of metabolic alterations occurring in those cells. We measured the nucleotide content of normal MRC-5 human lung fibroblasts and MRC-5 fibroblasts infected with M. pneumoniae PI 1428 by using anion-exchange high-performance liquid chromatography. This method cleanly separates the 12 nucleotides (mono-, di-, and triphosphates of adenosine, guanosine, cytidine, and uridine). The elution profile of the 12 nucleotide standards when separated as described is shown in Fig. 1 point. The amount of purine nucleotides in the control and infected cells 4 h after infection are shown in Table 1 . Shortly after infection, the ATP and GTP content of the control fibroblasts was twofold higher than that of the infected fibroblasts. At the same time, the ADP and AMP levels, as well as the GDP and GMP levels, were higher in the infected cells than in the control fibroblasts. This indicated a shift in the nucleotide content toward the lower-energy nucleotides in the cells. The levels of pyrimidine nucleotides responded similarly to infection ( Table 2) . Both CTP and UTP were higher in the control fibroblasts than in the infected fibroblasts. CDP levels were three times higher in the infected fibroblasts than in the control, whereas the CMP levels were slightly higher in the control fibroblasts. This also represented a net shift to the lower-energy nucleotides in the infected fibroblasts. UDP levels were essentially the same in control and infected fibroblasts, whereas the UMP levels were nearly double in the infected fibroblasts. Again, there was a net shift to the lower-energy nucleotides in the infected cells. At the later time points, the same shift was seen in the nucleotides shifted to the lower-energy nucleotides, mono-and diphosphate nucleotides, in the infected cells.
The adenylate energy charge of a cell is (ATP + 1/2 ADP)/(ATP + ADP + AMP). This energy charge ratio can actually be determined for each set of nucleotides in the fibroblasts. The changes in energy charge of each set of nucleotides during the course of infection is shown in Fig. 3 .
In general, the energy charge remained higher in the control cells than in the infected cells during the observation period for all of the nucleotides. The adenylate energy charge ( 3a) remained higher in the cor through the first 48 h postinfectic differences at 24 and 48 h postinf as great as immediately after inf postinfection, however, the tren energy charge was slightly highe cells than in the control cells although the difference was not 0.05). The guanosine nucleotid greatest difference in energy cha the infection period (Fig. 3b) . A sured, the guanosine nucleotide was nearly double in the control the infected cells.
The pyrimidine nucleotides responses. Immediately after infi gy charge for the cytidine nucleo tially the same for control an( (Fig. 3c) . However, as already d 2), CDP was the predominant hig otide in the infected cells, whil dominant in the control cells. TI time periods, the energy charge nucleotides was higher in the cc in the infected cells. At all bu point, the energy charge for the tides was higher in the control fibroblasts than in the infected fibroblasts (Fig. 3d) . At 24 h, the energy charge was the same for both groups. M. pneumoniae requires nucleic acid precursors for survival (26) . In the human lung fibrocharge of control blast model, these precursors must be provided lung fibroblasts-by the fibroblast cell. We measured changes in -e determined by the host cell nucleotide content and calculated lance liquidchroa the energy charge for each set of nucleotides to calculated by the determine the effects of mycoplasma infection. /(XTP + XDP + The adenylate energy charge for normal cells b) guanylic energy has been shown in several cell types to be 'd) uridylic energy between 0.8 and 0.9 (1, 4, 23, 35) . The adenylate energy charge in the control MRC-5 cells in this study was 0.82. As the cells reached confluency at 48 to 72 h, the adenylate charge decreased to itrol fibroblasts 0.75. At that time, cellular growth was slowing Dn, although the due to density inhibition. The infected fibroFection were not blasts had a significantly different adenylate Section. By 72 h energy charge. At 4 h after infection, this charge d reversed. The dropped below 0.6. This level is low enough in r in the infected other cell types to initiate adenylate degradation s at that time, (4, 23) . This degradation helps to stabilize the significant (P > energy charge by lowering the concentration of les showed the AMP in the cells. By comparing the total nucleoLrges throughout tide content of the control and infected cells 4 h ,t all times mea-after infection, we found that there were fewer energy charge adenosine nucleotides in the infected cells (1.17 compared with x 10-2 pmol per cell) than in the control cells (1.51 x 10-2 pmol per cell). This indicated not showed similar only a shift to the lower-energy adenosine nucleection, the ener-otides in the infected cells, but also a degradaetides was essen-tion of the adenosine nucleotides. d infected cells A similar response in the energy charge was lescribed (Table observed for only slightly decreased, however, due to the large amount of CDP in the infected fibroblasts. The total nucleotide content for each of these groups of nucleotides, however, was higher in the infected cells than in the control cells.
The changes seen 4 h after infection are indicative of the damage that the cells sustained due to mycoplasma infection. Previous studies with M. pneumoniae infection in MRC-5 cells demonstrated that the metabolism of the host cell at the time of and within 2 h after infection was critical in determining how severely the mycoplasmas would damage the host cells (32) . It was also found that alterations in de novo purine synthesis 4 h after infection correlated closely with the cytopathic effect which developed in those cells over the next 72 h (manuscript in preparation). Therefore, these changes in nucleotide content 4 h after infection are probably also indicative of the damage that the fibroblast cells sustained due to mycoplasma infection.
Changes in the nucleotide content of cells cause wide variations in cellular metabolism. Addition of adenosine to the cells will cause the adenine nucleotide content of some cells to increase as much as threefold (15, 33) . The addition of serum to the culture medium will also increase the incorporation of adenine into the cells, with a subsequent increase in nucleotide content (15) . With the increase in nucleotide content, degradation of RNA increases. Decreases in nucleotide content can inhibit DNA synthesis (38) , initiate breakdown of rRNA (22, 30, 38) , and activate salvage enzymes (4, 14, 23, 25) to help maintain a higher energy charge.
Variations in nucleotide metabolism can be used to detect certain clinical disorders associated with abnormal nucleotide metabolism. These include Lesch-Nyhan syndrome (17, 29) , gout (17) , muscle dysfunction (27) , and immune disorders (3, 7, 24) . Lesch-Nyhan patients, as well as many gout patients, lack the enzyme hypoxanthine-guanine phosphoribosyl transferase. Cells from these patients have been shown to overproduce purines (39) and to have altered nucleotide content as compared with normal cells (29, 39) . A patient with muscle dysfunction was found to be deficient in myoadenylate deaminase. This caused depletion of the adenine nucleotide pool, with marked alterations in ATP content (27) after exercise. Immune disorders have been linked to at least two defects in purine catabolic enzymes. These include adenosine deaminase and purine nucleoside phosphorylase (3, 7, 24) . In cells with these deficiencies, purine nucleosides accumulate. Adenosine toxicity has been proposed to account for the immunodeficiency in patients with these defects (7, 8) . These disorders in nucleotide metabolism cause alterations in nucleotide levels which are not compensated for by other mechanisms, and thus may serve to explain how the genetic dysfunction actually affects the cell.
The changes in nucleotide levels in human lung fibroblasts infected with M. pneumoniae can be associated with major changes in the metabolism of the host cell. The metabolic alterations include a decrease in de novo purine synthesis, an increase in purine salvage, and an increase in DNA synthesis (manuscript in preparation). These effects are similar to those resulting from the alteration of the energy charge in other cell types (4, 14, 23, 25, 31, 38) . Whether the changes in nucleotide concentration which we observed are causing the metabolic changes, or whether the metabolic changes are affecting the nucleotide concentrations, remains to be seen. There is probably a combination of events acting on the nucleotide content and metabolism of the cell. However, based on data from other cell systems, the decrease in energy charge and alterations in the concentrations of cellular nucleotides described here should be considered an important, early event in the pathogenesis of M. pneumoniae-induced cytotoxicity.
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